A novel approach to molecular separations is investigated using a technique termed droplet-based isoelectric focusing. Drops are manipulated discretely on a superhydrophobic surface, subjected to low voltages for isoelectric focusing, and split;resulting in a preparative separation. A universal indicator dye demonstrates the generation of stable, reversible pH gradients (3-10) in ampholyte buffers, and these gradients lead to protein focusing within the drop length. Focusing was visually characterized, spectroscopically verified, and assessed quantitatively by noninvasive light scattering measurements. It was found to correlate with a quantitative model based on 1D steady-state theory. This work illustrates that molecular separations can be deployed within a single open drop, and the differential fractions can be separated into new discrete liquid elements.
Introduction
Separating molecules in a complex mixture is often a vital treatment for chemical and biological analyses. There exist needs for both low-resolution separations, used for simplifying samples, and high-resolution separations, where pure molecular fractions are isolated from others. Moreover, devices that perform these separations with low-volume sample size are of growing interest. Miniaturized devices that address these needs can provide lower cost, higher productivity, and more effective decision-making. The miniaturization of this technology (along with other design elements) allows it to be broadly deployed to the sampling locations, rather than the current paradigm of transportation to a central laboratory with complex and expensive instrumentation. Various microfluidic systems have been developed in this vein over the past 10 years. [1] [2] [3] [4] [5] [6] Microfluidic systems can be categorized either as flow, digital, or hybrid depending upon whether the fluid of interest is fed continuously through microchannels, moved as discrete drops, or is manipulated as discrete drops within a continuous immiscible liquid, respectively. 7 In any case, the ability to conduct molecular separations of complex samples is a desirable feature of such microfluidic systems. Flow and hybrid systems typically require the use of microchannels which can create some challenges. These range from difficult integration of sample preprocessing and surface fouling to channel blockages resulting from bubbles or particulates. Digital microfluidic systems overcome most of these obstacles by allowing discrete fluidic processing in open environments and minimizing surface area contact. Perhaps the most daunting challenge in the digital system, however, is the implementation of a molecular separation step. 8 A few strategies for performing separations within drops have been explored recently. Electrophoretic 9 and dielectrophoretic 10, 11 forces were exploited to create binary separations of particles 1-10 μm which increased their concentration about 2-fold. Methods for collecting magnetic particles 12,13 and for extracting proteins by precipitation 14 have also been developed in drops. In an alternative approach, a microchannel-based separation was integrated onto a digital platform. 15 Although such sophisticated efforts open up new opportunities for digital microfluidics, we are interested in exploring a separation mechanism which could separate more than two analytes and be carried out in the digital state. Such a separation would maintain simplicity, avoid unwanted effects of microchannels, and be capable of integrating into any digital microfluidic platform regardless of actuation method (electric  8 or magnetic   16 ). Here we explore the idea of performing a molecular separation within an open drop using droplet-based isoelectric focusing (dIEF).
Isoelectric focusing, traditionally carried out in gels and more recently capillaries, 17,18 is a type of gradient separation which separates molecules based on their isoelectric point (pI) or pH of net neutral charge. A uniform electric field and a pH gradient are applied along the separation length which causes molecules to focus in the region of net neutrality which is specific to their chemical composition. The term focusing comes from the fact that diffusion is counterbalanced by electrophoresis once a steady state is reached. A molecule that diffuses out of the neutral zone toward the anode (lower pH region) will assume a positive charge and migrate back toward the focus point and vice versa if it diffuses toward the cathode. Thus, the steady-state concentration distribution of a 1D system is given by the following:
where C is the concentration of a component, C 0 is the concentration maximum, F = dμ/dx is the slope of the electrophoretic mobility (μ), which is assumed to be constant within the focused zone, E is the electric field strength, x is the coordinate along the direction of current, x pI is the isoelectric point, and D is the diffusion coefficient. This is a Gaussian concentration profile with standard deviation given by
Equations 1 and 2 are insightful because they identify the important parameters for generating narrow bands of material and can be used to model more complex systems. Proteins are particularly well suited for IEF because they have large mobility slopes (F) and small diffusion coefficients (D). Applying these concepts within an open drop gives rise to the technique of dIEF. In addition to visualization, noninvasive light scattering measurements are used to confirm protein focusing in dIEF. Dynamic light scattering (DLS) was originally developed to study the fluid dispersions of colloidal (size e1 μm) particles. 20 The ability of DLS to detect early changes in the molecular morphology of proteins has the potential to help develop new treatments to combat various ocular and systemic diseases prior to the onset of irreversible changes. 21 In a DLS experiment, a constantly fluctuating speckle pattern is seen in the far field when light passes through an ensemble of small particles suspended in a fluid. 20 This speckle pattern is the result of interference in the light paths, and it fluctuates as the particles in the scattering medium perform random movements on a time scale of g1 μs due to the collisions between themselves and the fluid molecules (Brownian motion). In the absence of particle-particle interactions (dilute dispersions) light scattered from small particles fluctuates rapidly while light scattered from large particles fluctuates more slowly. Generally speaking, an increase in particle sizes (from nanometers to a few micrometers) and an increase in the number or density of these particles result in an increase in total scattered light intensity (static light scattering). The experiments reported here utilize this feature.
Superhydrophobic surfaces (SHS) provide some unique opportunities for manipulating fluids in the digital state, [22] [23] [24] [25] and much progress has been made in fabrication over the years.
26,27 An important realization is that aqueous drops take up well-defined shapes and do not spread on a SHS. Thus, if manipulated properly, the drop can be positioned and stabilized in shapes necessary for carrying out a separation without the need for a supporting chamber (e.g., channel, capillary, etc.). With the interest of developing low-cost, simple devices we utilize a roughened polyethylene SHS to allow manipulation of drops. 16, 28, 29 This paper presents a preliminary yet detailed study of the dIEF principles. Through this work we demonstrate the generation of stable pH gradients, well-behaved protein focusing, and accurate quantitative modeling. These findings suggest that dIEF could be applied for sample purification of complex biological mixtures or integration into digital microfluidic devices.
Experimental Methods
Chemicals and Materials. Unless mentioned otherwise, all chemicals and materials were obtained from Sigma-Aldrich (St. Louis, MO). Pharmalyte brand ampholyte (pH 3-10) was obtained from Amersham Biosciences (Postcataway, NJ). A stock universal indicator solution was prepared with 400 ppm phenolphthalein, 50 ppm thymol blue, 300 ppm bromothymol blue, and 150 ppm methyl red in 10% ethanol (v/v). Electrodes were made from 0.5 mm diameter platinum wire which was shaped into 5 mm diameter loops. A digital power supply was used for applying voltages and measuring current (SMU2064, Signametrics, Seattle, WA). Superhydrophobic polyethylene surfaces were prepared as previously described. 16 Briefly, low-density polyethylene was dissolved in xylene and methyl ethyl ketone (a nonsolvent) was sequentially added. The mixture was allowed to slowly crystallize on a polyethylene substrate by slow heating and evaporation creating a roughened surface. A USB camera (MiniVid, LW Scientific, Lawernceville, GA) was used to capture all movies and images of the dIEF experiments.
Digital Isoelectric Focusing. For pH gradient visualization the samples contained 2% (w/v) ampholyte pH 3-10 and 10% (v/v) stock universal indicator. For preliminary protein studies the samples contained 2% (w/v) ampholyte pH 3-10 and 0.25 mg/ mL myoglobin. Drops ranging in volume from 50 to 200 μL were pinned and stretched 0.5-2 cm between two loop electrodes on a superhydrophobic surface (Figure 1 ). This led to drops with an allantoidal shape where the drop body is cylindrical with rounded drop supported on a superhydrophobic substrate and pinned between two loop electrodes. Upon applying a voltage, the electrolysis of water produces H þ and OH -at the anode and cathode, respectively. The transport of these ions can generate a stable pH gradient as illustrated by the color gradient. Then the drop is split by lowering a superhydrophobic "guillotine" to generate two new drops. ends where it pinned to the electrodes. Depending on the experiment, a low voltage was applied ranging from 5 to 30 V, resulting in currents 0.1-1 mA. Voltages were applied for durations up to an hour. Over this period the current decreased to about 40% of its initial value;a result typical of a loss of charge carriers in IEF. The nominal electric field strength is estimated by dividing the applied voltage by the drop length. Video footage was collected to characterize pH gradient formation. For protein separation experiments, the drop was split as described below.
Drop Splitting and Protein Quantification. Drops were split using a thin superhydrophobic substrate to penetrate and separate the drop into two. Initially, this surface was mounted on a slide positioned above the drop (Figure 1 ). When the dIEF experiment was complete the slide was lowered, splitting the drop into two sections. This action is capable of physically splitting a water drop to generate two new daughter drops. When proteins or other surfactants are present, the superhydrophobic surface becomes wettable, and the drop no longer has the necessary surface energy to independently form two new drops. Nonetheless, the penetrated surface provides a barrier to separately collect the split portions without mixing. Thus, after lowering the superhydrophobic "guillotine" in these experiments, the two separated portions were collected by pipet, weighed to determine volume, and stored for quantification.
Myoglobin was quantified by absorbance measurements (λ = 405 nm, ε 405 nm = 245 000 M -1 cm -1 ) using a small-volume flowcell built in house. This consisted of a 320 μm internal diameter capillary threaded into a CE flow cell with fiber optics delivering light from a DH-2000 deuterium lamp to a USB 4000 benchtop spectrometer (Ocean Optics, Dunendin, FL). This apparatus only requires 15 μL of sample while providing a reasonable path length and is well suited for quantifying the <100 μL fractions collected after drop splitting.
Light Scattering Detection of dIEF. A compact fiber-optic light scattering probe was used to measure aggregation in the protein sample as the dc voltage was applied (Figure 2) . It was mounted roughly 5 cm from the drop surface and scanned laterally across the length of the drop at a rate of 50 μm/s using a programmable stage motor. The total time to collect a single scan (6 mm length) was 2 min. Allowing time for the probe to return to its starting position, scans were collected every 2.5 min for the duration of the dIEF experiment. To successfully capture the progression, light scattering intensity was continuously recorded for the entire experiment duration. The setup comprises a semiconductor laser (λ = 639.4 nm, power = 80 μW), a photodetector (avalanche photodiode-based photon counting module), a DLS probe built at NASA for both static and dynamic light scattering configurations (scattering angle = 163.0°, focal length = 16 mm, scattering volume ∼ 50 μm 3 ), a translation stage with a motorized actuator for accurate positioning (to which the DLS fiber-optic probe is mounted on a multiaxis translation stage), and a Pentium-based computer containing a digital correlator card (BI-9000) for data acquisition. This system has been previously used in protein crystal growth experiments, 30 particle sizing applications in flowing dispersions, 31 protein characterization of ocular tissues in live animals, 32 and clinical ophthalmic applications for the early detection of cataracts. 33 Only the static (total intensity) light scattering measurements were made in the experiments reported here.
Results and Discussion
pH Gradient Formation. Electrolytic pH gradient generation has been demonstrated theoretically and experimentally for microfluidic systems, 34, 35 and we hypothesized a similar process could take place within open drops. It is based on the principle of oxidizing water at the anode to form H þ ions and reducing water at the cathode to form OH -ions. As time evolves, these ions can be transported throughout the solution through diffusion, electromigration, fluid flow, and exchange with buffering ions. Thus, a pH profile can develop across the solution and dynamically change until reaching an equilibrium state defined by the solution and electrical properties. Buffering of the solution has a critical role in generating smooth, stable gradients since electrolysis of nonbuffered solutions typically leads to a steplike pH profiles across the system length. 36 Therefore, the first phase of experimentation was to examine the possibility of forming smooth, stable pH gradients by electrolyzing water in drops after positioning and stretching them on a SHS.
A universal indicator dye sensitive to a pH range of 3-10 was used for visual characterization of gradient formation (Figure 3i ). Not surprisingly, when 25 mM phosphate is used, steplike pH profiles develop rather than uniform gradients (data not shown). In these experiments, extreme pH zones slowly evolve over time from the electrodes, pH < 3 for the anode and pH > 10 for the cathode, until a very narrow pH transition region remains. This pH profile is likely formed because the rate of electrolysis exceeds mass transport and exchange with buffering ions (i.e., source exceeds sink). Next, a common IEF ampholyte mixture (Pharmalyte pH 3-10) was used, and this generated stable, uniform pH gradients as indicated by the color profile of the dye. Still images show the formation of a pH gradient ranging from pH ∼ 4 (light red, anode side) to pH ∼ 9 (blue, cathode side) (Figure 3a-d) . The gradient was formed in about 10 min and was found to be stable over longer periods of applied voltage (at least 45 min). This is an indication that the ampholyte buffers are distributed across the drop such that they buffer the pH and efficiently transport the continual generation of H þ and OH -ions. The pH gradient was reversed by switching electrode polarity (Figure 3e-h) . It took about 15 min for the gradient to reverse, but similarly a stable profile was observed over prolonged applications of voltage. For comparison, reference pH solutions and their universal indicator color response are shown (Figure 3i) .
Traditional IEF theory predicts individual ampholyte species will focus into steady state zones, stacked in order of pIs, and will control local pH. 37 Experimental investigations have demonstrated that ampholytes are often distributed in a much more random fashion. 38 Thus, it is uncertain how ampholyte components are distributed in these drop experiments. An exponential reduction in current is observed over time characteristic of a decrease in conductivity from ampholyte focusing. Overall, these results demonstrate that pH gradients within drops can be generated, held stable with appropriate buffers, and reversed by switching polarity.
Characterizing Protein Focusing in dIEF. The next phase of experiments involved characterizing the dIEF focusing behavior of a single protein and comparing the results to 1D steadystate theory. Myoglobin (pI 7.2) was selected as a target since it has a chromophore allowing easy detection, and its IEF properties were previously studied. 39 Assuming a linear pH gradient and defining the anode as pH 3 at x = 0 and the cathode as pH 10 at x = 1.5 cm means that myoglobin would focus at x pI = 0.9 cm. Several trials were conducted where 5-20 V was applied across 150 μL drops for 20 min. Subsequently, the drops were split at an average position of x = 0.7 cm, and the protein content in the two resultant droplets, defined as anode and cathode droplets, was quantified by absorbance measurements.
Two clear observations arose from these experiments ( Table 1 ). The first is that the protein became more isolated to the cathode droplet side with increasing electric field. This is an expected result since bandwidth becomes narrower with increasing field (eq 2) and myoglobin's pI lies on the cathode side of the droplet. Thus, more protein is predicted to be isolated on the cathode side as the field increases. The second observation is that the protein recovery decreased with increasing field strength, presumably as a result of an increasing current. This suggests that significant protein oxidation and/or reduction is occurring as a result of direct contact with the electrodes which renders the protein undetectable. In support of this interpretation is data collected where high protein recoveries were observed (>95%) when isolating the electrodes to reservoirs separated from the drop by dialysis membranes.
To construct an appropriate model of myoglobin focusing in a drop, numerical values are substituted into eq 1. The ratio of F/D, defined as R, can be determined by rearranging eq 2 and using experimental data to solve
Previously, myoglobin focused into a band with a standard deviation of 0.6 cm in a 40 cm capillary while applying 10 kV. 39 Thus, when the separation length is 40 cm, then R = 0.01 V -1 cm -1 for myoglobin. In the case of a 1.5 cm drop using the same ampholyte mixture, R = 0.27 V -1 cm -1 since F is 27 times greater due to the different length scales (40 to 1.5 cm) and noting the D is unchanged. Substituting R and x pI into eq 1 and normalizing the function so the peak area is 1 gives the following relation:
Plots of the model presented in eq 4 at various field strengths provide a quantitative sense of the expected steady-state distributions of myoglobin in dIEF (Figure 4) . The relative extent of protein isolation is determined by integrating eq 4 with respect to the split position and infinity. Splitting the drop at x = 0.7 cm results in 59-65% of myoglobin being isolated to the cathode droplet when the electric field is 4-13 V/cm. Thus, the model is consistent with the experimental results collected at equivalent field strengths (Table 1 ). Although the model is expected to be more accurate with narrowing bandwidth (finite size effects), the differences between the experimental and theoretical findings are attributed to the limited precision (∼10% RSD) of the drop splitting mechanism. This along with evaporative and redox effects makes it difficult to assess the model's accuracy from the experimental results alone. Nonetheless, the results suggest that dIEF approaches a steady state, under the conditions employed, similar to that predicted from 1D theory. Furthermore, this simple model can be used to make predictions for other proteins with known R and x pI values. To improve the separation efficiency of a particular protein, either the electric field could be increased or the drop could be split further away from its pI. For example, when 300 V/cm is applied (more typical of electrokinetic techniques), eq 4 predicts myoglobin would be 99.5% isolated to the cathode droplet when split at the same position (0.7 cm). Experimentally, fields greater than 15 V/cm were not applied since high currents and excessive bubbling occurred. Electrodes can be isolated to separate reservoirs to minimize these effects as is common practice in traditional electrophoretic techniques, with the caveat that the isolated zones must be relatively small volume and the electrodes a short diffusional/transport distance from the separations drop. On the other hand, when splitting the drop at x = 0.3 cm while applying a low field strength (13 V/cm), 95% of myoglobin would be isolated to the cathode droplet. Ultimately, this approach requires precise engineering control over drop splitting, and it would reduce the volume which is purified.
Protein Focusing Detected by Light Scattering. Visible, unlabeled proteins such as myoglobin or cytochrome c often are precipitated in dIEF at the necessary concentrations for good visualization. Additionally, it is difficult to image the drop directly due to the nonlinear optical reflective and refractive effects resulting from the drop's curved surface. Therefore, light scattering was used to provide more direct characterization of protein focusing in dIEF, where the signal is due to aggregation of the target protein when the local concentration is very high. In these experiments a light-scattering probe, containing optical fibers to deliver light from source and to detector, was scanned across the drop. For simplicity and speed, a smaller drop was used (50 μL and 5 mm length), and the SHS was removed allowing the drop to be suspended in the air.
When a voltage is applied to a drop containing protein, an intense scattering signal near 2.75 mm was observed after 18 min in three different trials (Figure 5a ). The scattering signal was roughly 100 times greater than what is expected from the calibration curve generated by protein standards without applying a voltage (data not shown). Considering its magnitude, we interpret this intense response is the result of protein focusing which stimulates aggregation and leads to larger particles scattering more light. Regardless of the exact mechanism, this scattering signal is not observed in control experiments where either the protein or voltage is removed (Figure 5b,c) , confirming that it is a direct result of the protein's presence while applying a voltage.
The light scattering data provide direct evidence of protein focusing in dIEF. The consistent observation of a scattering signal near 2.75 mm confirms that myoglobin is focusing near pH 7.2. It is difficult to assess the bandwidth of the focused zone since the scattering signal is a result of protein aggregation and not protein concentration alone. Additionally, this means the time scale for which the signal is observed, requiring time for aggregation, does not necessarily reflect that for actual protein focusing. Although it is difficult to say for certain, the protein achieves a steady-state focus after ∼10 min since this is when the current stabilizes and the pH gradient is fully established (Figure 3c ).
Conclusions
A preliminary investigation of isoelectric focusing within a drop is undertaken here in an effort to develop a separation mechanism compatible with digital microfluidics. Through electrolysis and the use of ampholyte buffers we demonstrate that stable pH gradients can be generated in drops on the order of 10 min. Furthermore, light scattering data provide evidence that proteins focus about their pI within the established pH gradient, as expected. Combining protein focusing with drop splitting leads to a mechanism for preparative separation. Characterizations using myoglobin reveal that differential protein concentrations are sustained after drop splitting, up to 70%:30% with an electric field of 13 V/cm and by splitting near its pI. These results are found to correlate well to predictions based on quantitative modeling of IEF theory, suggesting that dIEF is well behaved and reaches a steady state. Ultimately, these results support the idea that dIEF can be used for purifying protein samples upward of 99% and that it can be integrated into digital microfluidic systems. This could also be very useful in container less processing of materials in space. 
